Attenuating brain inflammation, ischemia, and oxidative damage by hyperbaric oxygen in diabetic rats after heat stroke  by Lee, Kai-Li et al.
Journal of the Formosan Medical Association (2013) 112, 454e462Available online at www.sciencedirect.com
journal homepage: www.j fma-onl ine.comORIGINAL ARTICLE
Attenuating brain inflammation, ischemia,
and oxidative damage by hyperbaric oxygen
in diabetic rats after heat strokeKai-Li Lee a, Ko-Chi Niu b, Mao-Tsun Lin c, Chiang-Shan Niu d,*aDepartment of Surgery, Chi Mei Medical Center, Tainan, Taiwan
bDepartment of Hyperbaric Oxygen, Chi Mei Medical Center, Tainan, Taiwan
cDepartment of Medical Research, Chi Mei Medical Center, Tainan, Taiwan
dDepartment of Nursing, Tzu Chi College of Technology, Hualien, Taiwan
Received 25 May 2011; received in revised form 6 February 2012; accepted 7 February 2012KEYWORDS
heatstroke;
hypothalamus;
inflammation;
ischemia;
oxidative damage* Corresponding author. Department
E-mail address: ncs@ultra1.tccn.e
0929-6646/$ - see front matter Copyr
doi:10.1016/j.jfma.2012.02.017Background/Purpose: Alternating hypothalamicepituitaryeadrenal axis mechanisms would
lead to multiple organs dysfunction or failure. Herein, we attempt to assess whether hypotha-
lamic inflammation and ischemic and oxidative damage that occurred during heatstroke (HS)
can be affected by hyperbaric oxygen (HBO2) therapy in streptozotocin-induced diabetic rats.
Methods: In this study, anesthetized diabetic rats, immediately after the onset of HS, were
divided into two major groups and given the normobaric air (21% O2 at 1.0 atmospheres abso-
lute) or HBO2 (100% O2 at 2.0 atmospheres absolute). HS was induced by exposing the animals
to heat stress (43C). Another group of anesthetized diabetic rats was kept at normothermic
state and used as controls.
Results: The survival time values for the HBO2-treated HS-diabetic rats increased form the
control values of 78e82minutes tonewvalues of 184e208minutes.HBO2 therapy causeda reduc-
tion of HS-induced cellular ischemia (e.g., increased cellular levels of glutamate and lactate/
pyruvate ratio), hypoxia (e.g., decreased cellular levels of PO2), inflammation (e.g., increased
cellular levels of interleukin-1b, tumor necrosis factor-alpha, interleukin-6, and myeloperoxi-
dase), and oxidative damage (e.g., increased values of nitric oxide, 2,3-dihydroxybenzoic acid,
glycerol, and neuronal damage score) in the hypothalamus of the diabetic rats.
Conclusion: Our results suggest that, in diabetic animals, HBO2 therapy may improve outcomes
of HS in part by reducing heat-induced activated inflammation and ischemic and oxidative
damage in the hypothalamus and other brain regions.
Copyright ª 2012, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.of Nursing, Tzu Chi College of Technology, Hualien 97041, Taiwan.
du.tw (C.-S. Niu).
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by a thermocouple, whereas arterial pressure was contin-Heatstroke is defined as a form of excessive hyperthermia
associated with a systemic inflammatory response that leads
to multiorgan dysfunction in which the brain dysfunctions
predominate.1 Most of the heatstroke responses can be
reproduced by exposing the anesthetized rodents to hot
environments.2e4 Recently, in an anesthetized rat model,
hypothalamic ischemia, inflammation, and damage was
observed after the onset of heatstroke.3,5,6 Alternating
hypothalamicepituitaryeadrenal axis mechanisms would
lead to multiorgan dysfunction or failure.7,8
Hyperbaric oxygen (HBO2) therapy is a noninvasive,
nonintrusive medical strategy in which a person breathes
100% oxygen at a pressure greater than normal.9 HBO2
therapy was used in rodents with heatstroke and found to
be effective in attenuating heatstroke-induced multiorgan
dysfunction.10,11 However, it is unknown whether the
hypothalamic inflammation and ischemic and oxidative
damage can be affected by HBO2.
According to the report of al-Harthi and collegues,12
most of the patients with heatstroke at Mecca Pilgrimage
had diabetes with hyperglycemia, suggesting that a dia-
betic condition was susceptible to heat damage. Therefore,
by using the streptozotocin-induced diabetic rat model, we
attempted to assess the temporal profiles of cellular levels
of ischemia (e.g., glutamate and lactate/pyruvate ratio),
damage (e.g., glycerol), inflammation [e.g., tumor necrosis
factor-alpha (TNF-a), interleukin-1b (IL-1b), IL-6, IL-10, and
myeloperoxidase (MPO) activity], and oxidative stress [e.g.,
reactive nitrogen species and reactive oxygen species (ROS)
markers] in the hypothalamus that occurred after heat-
stroke in streptozotocin-induced diabetic rats treated with
or without HBO2 therapy.
3,5,6
Methods
Animals
Adult SpragueeDawley rats (weight 257  15 g) were ob-
tained from the Animal Resource Center of the National
Science Council of the Republic of China (Taipei, Taiwan).
The animals were housed four in a group at an ambient
temperature of 22  1C, with a 12-h light/dark cycle.
Pellet rat chow and tap water were available ad libitum. All
protocols were approved by the Animal Ethics Committee
of the Chi Mei Medical center (Tainan, Taiwan) in accor-
dance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health, as well as the
guidelines of the Animal Welfare Act. Adequate anesthesia
was maintained to abolish the corneal reflex and pain
reflexes induced by tail pinching throughout all experi-
ments (approximately 8 h) by a single intraperitoneal dose
of urethane (1.4 g/kg body weight). At the end of the
experiments, control rats and any rats that had survived
heatstroke were killed with an overdose of urethane.
Physiologic variable monitoring
The femoral artery of rats under anesthesia was cannulated
with a polyethylene tubing (PE50) for blood pressuremonitoring. Core temperature was monitored continuously
uously monitored with a pressure transducer.
A 100-mM-diameter thermocouple and two 230-mm fibers
were attached to the oxygen probe. This combined probe
measures oxygen, temperature, and microvascular blood
flow. The measurement requires Oxy-Lite and Oxy-Flo
instruments. OxyLite 2000 (Oxford optronix, Ltd., Oxford,
UK) is a two-channel device (measuring PO2 and tempera-
ture at two sites simultaneously), whereas OxyFlo 2000 is
a two-channel laser Doppler perfusion monitoring instru-
ment. The combination of these two instruments provides
simultaneous tissue blood flow, oxygenation, and temper-
ature data. Under anesthesia, the animal was placed in
a stereotaxic apparatus, and the combined probe was
implanted into the hypothalamus using the atlas and
coordinates of Paxinos and Watson.13 The detailed proce-
dure for measurements of brain temperature, PO2, and
cerebral blood flow has been described previously.14
Induction of diabetes
Diabetes was induced by injecting streptozotocin (Sigma,
St. Louis, MO, USA) at 30 mg/kg of body weight in the veins.
The animals were maintained for 4e5 weeks before heat
stress was applied. A blood sample was collected and body
weights, plasma glucose, and plasma insulin were deter-
mined at this time point.
Induction of heatstroke
In the present study, the core temperature of the anes-
thetized animals was maintained at about 37.5C with an
infrared light lamp except in the heat stress experiments.
Heatstroke was induced by putting the animals in a bolded
heating pad of 43C controlled by circulating hot water. The
instant in which the mean arterial pressure (MAP) started to
drop and dropped to a value of w50 mmHg were found to
be about 50 and 60 minutes, respectively, after the start of
heat stress (Fig. 1). At 50 minutes, the heating pad was
removed, and the animals were allowed to recover at room
temperature (26C). Survival time values (interval between
the start of heat stress and animal death) were deter-
mined. It can see seen in Fig. 1 that the heated rats dis-
played both hyperthermia (w43C) and hypotension
(w50 mmHg) at 60 minutes, suggesting the occurrence of
heatstroke. In the following experiments, hyperbaric
oxygen (HBO2) was adopted 50 minutes after the start of
heat stress for 1 hour.
Experimental groups
Animals were assigned randomly to one of following three
major groups: normothermic diabetic rats treated with
normobaric air (NBA; 21% O2 at 101 kPa) (NTDR þ NBA),
heatstroke-diabetic rats treated with NBA (HSDR þ NBA),
and heatstroke-diabetic rats treated with hyperbaric
oxygen (HBO2; 100% O2 at 253 kPa) (HSDR þ HBO2). Fifty
minutes after the start of thermal experiments, heatstroke
groups received HBO2 in a hyperbaric chamber filled with
pure oxygen (100%) pressurized to 253 kPa at a rate of 51
Figure 1 Values of both core temperature (Tco) and mean
arterial pressure (MAP) for normothermic diabetic rats treated
with NBA (NTDR þ NBA;B), heatstroke-diabetics rats treated
with NBA (HSDR þ NBA; C), heatstroke-diabetic rats treated
with HBO2 (HSDR þ HBO2; 6). Data are means  standard
deviation (SD) of eight animals per group. )p < 0.05, in
comparison with (B) group; þp < 0.05, in comparison with (C)
group.
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pression rate of 20 kPa/min.
In Experiment 1, the survival time (interval between the
start of heat exposure and animal death) values for
(NTDR þ NBA) rats, (HSDR þ NBA) rats, and (HSDR þ HBO2)
rats were determined randomly.
In Experiment 2, values of both core temperature and
MAP for (NTDR þ NBA) rats, (HSDR þ NBA) rats, and
(HSDR þ HBO2) rats were determined. All heatstroke groups
had heat exposure (43C) withdrawn exactly at 50 minutes
and were then allowed to recover at 26C.
In Experiment 3, values of hypothalamic glutamate,
lactate/pyruvate ratio, glycerol, 2,3-dihydroxybenzoic acid
(2,3-DHBA), nitric oxide (NO), PO2, and blood flow for
(NTDR þ NBA), (HSDR þ NBA), and (HSDR þ HBO2) rats were
determined. All heatstroke groups had heat exposure
(43C) withdrawn exactly at 50 minutes and then allowed to
recover at room temperature (26C).
In experiment 4, values of hypothalamic MPO, TNF-a, IL-
1b, IL-6, and IL-10 for (NTDR þ NBA), (HSNR þ NBA), and
(HSDR þ HBO2) rats were determined at 70 minutes after
the initiation of heat exposure in heatstroke rats or the
equivalent times in (NTDR þ NBA) groups. All heatstrokegroups had heat exposure (43C) withdrawn exactly at 50
minutes and then allowed to recover at room temperature
(26C).
In experiment 5, values of neuronal damage scores in the
hypothalamic sections for (NTDR þ NBA), (HSNR þ NBA),
and (HSDR þ HBO2) rats were determined at 70 minutes
after the initiation of heat exposure in heatstroke rats or
the equivalent times in (NTDR þ NBA) groups.
Myeloperoxidase activity
MPO activity, an indicator of polymorphonuclear leukocyte
accumulation, was determined in the hypothalamus as
described previously15 at 70 minutes after heat stress. MPO
activity was defined as the quantity of enzyme degrading 1
mmol of peroxide/min at 37C and was expressed in milli-
units/grams of wet tissue.
Extracellular levels of glutamate, lactate/pyruvate
ratio, nitric oxide, glycerol, and 2,3-
dihydroxybenzoic acid
The brain (hypothalamus) samples were prepared for
determination of extracellular levels of glutamate, lactate/
pyruvate ratio, glycerol, NO, and 2,3-dihydroxybenzoic
acid. The dialysates were injected onto a CMA600 micro-
dialysis analyzer (Carnegio Medicine, Stockholm, Sweden)
for measuring lactate, pyruvate, glycerol, and glutamate.14
The NO concentrations in the dialysates were measured
with the Eicom ENO-20 NOx
 analysis system (Eicom Kyoto,
Japan).16 The concentrations of 2,3-DHBA were measured
by a modified procedure based on the hydroxylation of
sodium salicylate by hydroxyl radicals, leading to the
production of 2,3-DHBA.17,18
Neuronal damage score
At the end of the experiments, animals were killed by an
overdose of urethane, and the brains were fixed in situ and
left in the skull in 10% neutral-buffered formalin for at least
24 hours before removal from the skull. The brain was
removed and embedded in paraffin blocks. Serial sections
(10 mm thick) through the hypothalamus were stained with
hematoxylin and eosin for microscopic examination. The
extent of neuronal damage was scored on a scale of 0 to 3,
modified from the grading system of Pulsinelli et al,19 in
which 0 is normal, 1 indicates approximately 30% of the
neurons are damaged, 2 indicates that approximately 60%
of the neurons are damage, and 3 indicates that 100% of the
neurons are damaged. Each hemisphere was evaluated
independently by an examiner blinded to the experimental
conditions.
Measurement of hypothalamic levels of TNF-a,
IL-1b, and IL-10
Samples of extracellular fluids of the hypothalamic tissues
were collected, immediately separated, and stored
at e80C until they could be assayed. We used commer-
cially available enzyme-linked immunosorbent assay kits
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according to the manufacturer’s instructions (Quantikine;
R&D System, Minneapolis, MN, USA).
Statistical analysis
Data are presented as the mean  standard deviation. For
the data presented in Figs. 1e5, KruskaleWallis H-test was
used for factorial experiments, whereas Dunn’s test was
used for post-hoc multiple comparisons among means. The
criterion for statistical significance was set at p < 0.05. The
Wilcoxon test was used for histological assessment.
Results
Animal characteristics
Diabetic rats had smaller body weight, higher plasma
glucose levels, and lower plasma insulin when compared to
healthy rats (Table 1).Figure 2 Values of hypothalamic PO2 and blood flow for
normothermic diabetic rats treated with NBA (NTDR þ NBA),
heatstroke-diabetic rats treated with NBA (HSDR þ NBA), and
heatstroke-diabetic rats treated with HBO2 (HSDR þ
HBO2). )p < 0.05, in comparison with (NTDR þ NBA) group;
þp< 0.05, in comparisonwith (HSDRþNBA). Data aremeans SD
of eight animals per group.HBO2 prolonged survival time values in diabetic
heatstroke rats
The survival time values for (HSDR þ NBA) rats were
decreased from the (NTDR þ NBA) control values of 480  3
minutes to new values of 80  2 minutes after the start of
heat stress (Table 2). Heatstroke diabetic rats (HSDR)
treated with HBO2 at 50 minutes after heat stress had
significantly higher values of survival time (196  12
minutes) than those of (HSDR þ NBA) (Table 2).
HBO2 protected against heat-induced hypotension
but not hyperthermia in diabetic rats
Fig. 1 shows the effects of heat exposure (43C for 50
minutes) on both core temperature and MAP in (NTDRþ NBA)
rats, (HSDRþ NBA) rats, and (HSDRþ HBO2) rats. As shown in
this figure, heat exposure induced a significant increase in
MAP in heatstroke diabetic (HSDR) rats. However, 10minutes
after the termination of heat exposure in (HSDR þ NBA)
group, the values of MAP were significantly lower than those
of the (NTDRþNBA) group (p< 0.05). On the other hand, the
values of core temperature in the (HSDR þ NBA) group were
significantly higher than those of the (NTDR þ NBA) group.
Heat-induced hypotension, but not hyperthermia, was
significantly reduced by HBO2 therapy.
HBO2 improved hypothalamic ischemia and hypoxia
in diabetic heatstroke rats
Fig. 2 shows that the hypothalamic levels of PO2 and
cerebral blood flow for (HSDR þ NBA) rats were significantly
lower at 70 minutes after the start of heat exposure than
they were for the (NTDR þ NBA) group. Heat-induced
hypothalamic hypoxia and ischemia at 70 minutes were
all significantly reduced by treatment with HBO2 at 60
minutes after the start of heat stress.
HOB2 reduced cellular levels of the ischemia and
damage markers and the toxic oxidizing indicators
in the hypothalamus in heatstroke diabetic rats
Fig. 3 shows that the hypothalamic levels of glutamate,
lactate/pyruvate ratio, glycerol, 2,3-DHBA, and NO for
(HSDR þ NBA) rats were significantly higher at 70 minutes
after the start of heat exposure than they were for
(NTDR þ NBA). As shown in this figure, heat-induced
increased hypothalamic levels of all these parameters were
significantly reduced by HBO2 therapy in (HSDRþHBO2) rats.
HBO2 attenuated hypothalamic inflammation in
heatstroke diabetic rats
Fig. 4 demonstrates that the hypothalamic levels of TNF-a,
IL-1b, IL-6, and MPO for (HSDR þ NBA) rats were signifi-
cantly higher at 70 minutes after the start of heat exposure
than they were for (NTDR þ NBA) rats. As shown in this
figure, heat-induced increased hypothalamic levels of TNF-
a, IL-1b, IL-6, and MPO were significantly reduced, but
Figure 3 Values of hypothalamic glutamate, glycerol, lactate/pyruvate ratio, nitric oxide, and 2,3-dihydroxybenzoic acid (2,3-
DHBA) for normothermic diabetic rats treated with NBA (NTDR þ NBA), heatstroke-diabetic rats treated with NBA (HSDR þ NBA),
and heatstroke-diabetic rats treated with HBO2 (HSDR þ HBO2). Data are means  SD of eight animals per group. )p < 0.05, in
comparison with (NTDR þ NBA); þp < 0.05, in comparison with (HSDR þ NBA).
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HBO2 therapy in the (HSDR þ HBO2) group.
HBO2 reduced hypothalamic neuronal degeneration
during heatstroke
As shown in Table 3, after the onset of heatstroke, the
hypothalamic neuronal damage score were higher in
(HSDR þ NBA) rats compared with (NTDR þ NBA) controls.
Histopathological verification revealed that heatstroke
caused cell body shrinkage, pyknosis of the nucleus, loss of
Nissl substance, and disappearance of the nucleus in thehypothalamus of (HSDR þ NBA) rats (Fig. 5). However, HBO2
treatment had neuroprotective effects (Table 3 and Fig. 5).Discussion
Our previous study20 demonstrated that, at the onset of
heatstroke, unanesthetized rodents had convulsion and
coma accompanied by hyperthermia, arterial hypotension,
and cerebral ischemia. These full spectrum of heatstroke
syndromes could be nearly mimicked by the anesthetized
rodents.2,4 In the present study, 60 minutes after the onset
Figure 4 Values of hypothalamic tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), interleukin-6 (IL-6), interleukin-10
(IL-10), and myeloperoxidase (MPO) activity for normothermic diabetic rats treated with NBA (NTDR þ NBA), heatstroke-
diabetic rats treated with NBA (HSDR þ NBA), and heatstroke-diabetic rats treated with HBO2 (HSDR þ HBO2). Data are
means  SD of eight animals per group. )p < 0.05, in comparison with (NTDR þ NBA); yp < 0.05, in comparison with (HSDR þ NBA).
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hyperthermia (w43C) and hypotension (w40 mmHg),
suggesting the occurrence of heatstroke. The survival time
values of diabetic-heatstroke animals were significantly
prolonged by HBO2 therapy adopted at the onset of heat-
stroke. Although the survival time values of these diabetic-
heatstroke animals were prolonged, all the animals died. It
should be stressed that all these heatstroke animals were
under general anesthesia of high doses of urethane. To
determine whether there was long-term improvement in
survival, unanesthetized and unrestrained diabetic animals
with or without HBO2 therapy should be subjected to heat
stress in future studies.The hypothalamus is believed to be involved in the
regulation of homeostasis, motivation, and emotional
behavior. These functions are mediated through hypotha-
lamic control of autonomic and endocrine activity.21 The
hypothalamus receives input from the thalamus, the
reticular activating substance, the limbic system, the eyes,
and the neocortex, and inputs them to the pituitary gland.
These allow the output of pituitary hormones to respond to
changes in autonomic nervous system activity and to the
needs of temperature regulation, water balance, and
energy requirement.21 In 1946, Malamud et al22 proposed
that thermal injury to the thermoregulatory centers of the
hypothalamus as the primary mechanism of mortality. The
Figure 5 Histological examination of neuronal damage. The
photomicrographs of the hypothalamus in (A) a (NTDR þ NBA)
rat, (B) a (HSDR þ NBA) rat, or a (C) (NTDR þ HBO2) rat. Ten
minutes after 50-minute heat exposure (43C), the hypothal-
amus of the (HSDR þ NBA) rat showed cell body shrinkage,
pyknosis of the nucleus, loss of Nissl substance, and disap-
pearance of the nucleus (B). By contrast, treatment of HBO2
reduced neuronal damage, as shown in panel C. Magnification,
400.
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and oxidative injury of diabetic-heatstroke rats with core
temperature of about 43C. The ischemia, hypoxia, and
oxidative damage to the hypothalamus during heatstroke
might be responsible for the occurrence of multiorgan
dysfunction through hypothalamicepituitaryeadrenal axis
mechanisms7,8 in diabetic-heatstroke rats.Table 1 Body weight, plasma glucose, and plasma insulin conce
Groups of animals Body weight (g) P
Normal rats 312  8 (8) 2
Diabetics 268  10* (8) 4
*p < 0.01 compared to normal rats.It was proposed that heat stress stimulated metabolism
and progressively reduced blood flow to critical organs.2,23
Increased metabolic demand coupled with reduced
splanchnic and cerebral blood flow generated cellular
hypoxia, increased mitochondrial ROS production, and
stimulated cellular oxidase and NO synthase activities. As
heat stress continued, hypoxic cells exported oxidases into
the extracellular space, where heat stress produced
multifocal cellular injury and inflammation. The large
increase in both reactive nitrogen species and ROS resulted
in splanchnic dilation, arterial hypotension (see results of
Malmud et al23; present results), and cerebral ischemia and
injury (see results of Chang et al2; present results). Both
hypotension and hypothalamic oxidative damage caused by
heatstroke were significantly reduced by HBO2.
It is well documented that both glutamate and lactate/
pyruvate ratio aremarkers of cellular ischemia,24,25 whereas
glycerol is a marker of how severely cells are affected by the
ongoing pathology.26,27 As shown in the present study,
excessive elevation of glutamate, lactate/pyruvate ratio,
and glycerol in the hypothalamus of diabetic rats occurred
after heatstroke onset, which could be significantly amelio-
rated by HBO2 therapy. Additionally, heat-induced reduction
in hypothalamic blood flow and PO2 were significantly
reduced by HBO2 therapy. These observations indicate that
the heat-induced ischemic and hypoxic damage to the
hypothalamus can be reduced by HBO2.
Humans1 and rodents2 with heatstroke had elevated
plasma levels of TNF-a and IL-1b. Our results further
showed that, in addition to increasing hypothalamic levels
of TNF-a, IL-1b, and IL-6, heatstroke animals displayed
higher hypothalamic levels of MPO activity (a quantitative
assessment of neutrophil infiltration into ischemic
tissues),15 suggesting hypothalamic inflammation. Heat-
induced hypothalamic inflammation was significantly
reduced after HBO2 therapy (as shown by the present
results). Additionally, our results demonstrated that HBO2
elevated hypothalamic levels of IL-10 in HS-diabetic rats. In
fact, IL-10 possesses an anti-inflammatory effect. For
example, exogenous injection of recombinant IL-10 pro-
tected mice from endotoxemia by reducing TNF-
a release.28 Neutralization of endogenously produced IL-10
caused an increased production of proinflammatory cyto-
kines and enhanced mortality after sepsis.29 IL-10 knockout
mice had an increased likehood of inflammatory illness30
and higher mortality rates after experimental sepsis.31 In
the current study, we showed that HBO2 therapy induced an
increased production of IL-10 but a decreased production of
TNF-a, IL-1b, and IL-6 in the hypothalamus in heatstroke-
diabetic rats. HBO2 shared with the interleukin-1 receptor
antagonist4 almost the same potency in treating heatstroke
animals in terms of survival time values. Putting these
observations together, it is likely that HBO2 improvesntration in normal and streptozotocin-induced diabetic rats.
lasma glucose (mg/dL) Plasma insulin (mU/mL)
04  9 (8) 50  7 (8)
57  18* (8) 11  5* (8)
Table 2 The survival time values for normothermic dia-
betic rats (NTDR) treated with NBA (NTDR þ NBA), heat-
stroke diabetic rats treated with normobaric air
(HSDR þ NBA), and heatstroke diabetic rats treated with
HBO2 (HSDR þ HBO2).
Treatment groups Survival time (min)
1. NTDR þ NBA 480  2 (6)
7. HSDR þ NBA 80  2 (8)a
8. HSDR þ HBO2 196  12 (8)b
All heatstroke rats which had heat exposure (43C) were with-
drawn exactly at 60 minutes and then allowed to recover at
room temperature (26C). Data are mean  SD, followed by
number of animals in parentheses. Normothermic controls were
killed about 480 minutes after experiment (or at the experi-
mental end) with the urethane overdose.
ap < 0.05, in comparison with Group 1.
bp < 0.05, in comparison with Group 2 (Dunn’s test-followed by
KruskaleWallis test). HBO2 was adopted 60 minutes after the
start of heat stress.
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thalamic inflammation in part.
When anesthetized rats were exposed to heat stress,
the following reactions to the heat stress were noted: (1)
arterial hypotension; (2) decreased cardiac output (due to
decreased volume and total peripheral vascular resis-
tance); (3) intracranial hypertension; (4) decreased
cerebral perfusion pressure (due to hypotension and
intracranial hypertension or ischemia; and (5) neuronal
damage.32 Ischemia (due to decreased perfusion pressure)
occurred in the whole brain of heatstroke animals. As
shown in our previous11 and present results, HBO2
improved survival during heatstroke by augmenting arte-
rial pressure, local cerebral blood flow, and oxygenation
and by reducing cerebral neuronal damage. The augmen-
tation of cerebral blood flow in rats receiving HBO2 may be
brought about by higher cerebral perfusion pressure
resulting from lower intracranial pressure (this may be
due to a reduction in cerebral edema and cerebroven-
tricular congestion) and higher arterial pressure during
the development of heatstroke. In addition, HBO2 therapy
significantly ameliorated hypoxia, tissue acidification, andTable 3 Effects of heat exposure (43C for 50 minutes) on
neuronal damage score values of the hypothalamus in
normothermic diabetic rat, treated with normobaric air
(NBA) (NTDR þ NBA), heatstroke-diabetic rats treated with
NBA (HSDR þ NBA), and heatstroke-diabetic rats treated
with HBO2 (HSDR þ HBO2).
Treatment group Neuronal damage score (0e3)
NTDR þ NBA 0 (0, 0)
HSDR þ NBA 2 (2, 2)*
HSDR þ HBO2 0 (0, 0)y
Values are medians with the first and third quartiles in paren-
theses for eight rats per group. To determine neuronal damage
score, the animals were killed after 60 minutes of heat
exposure.
* p < 0.05, in comparison with Group 1.
y p < 0.05, in comparison with Group 2.overproduction of TNF-a and other proinflammatory
cytokines during heatstroke. Overproduction of TNF-a and
interleukin 1-b are shown to be well related to the
progression of acute heart failure and hypotension33 and
the severity of heatstroke.34,35 This indicates that HBO2
therapy may help maintain an appropriate level of arterial
pressure and cerebral circulation during heatstroke by
decreasing the overproduction of TNF-a and interleukin-
1b, tissue hypoxia, and tissue acidification.
Hyperglycemic or diabetic patients who had a stroke
show poor prognosis and the high incidence of complica-
tions.36 Hyperglycemia is known to exacerbate brain
damage by inducing ischemic stroke in experimental
animals.37 The detrimental effect of hyperglycemia on
cerebral ischemia is considered to be mediated by the
overproduction of glutamate, free radicals, and lactic
acid.38,39 The overproduction of glutamate in rat brain
after middle cerebral artery ligation was significantly sup-
pressed by HBO2 therapy.
40 In fact, the findings in wild type
animals are similar to those reported in diabetic rats.3
However, compared to those of the wild-type animals,
hyperglycemic or diabetic animals could exacerbate the
hypothalamic neuronal damage and dysfunction of the
hypothalamicepituitaryeadrenal axis mechanism and
resulted in more severe multiple organ failure during
heatstroke. Any hormone changed by the HBO2 therapy in
heatstroke warrants further studies in the future.
In summary, we demonstrated that treatment of
heatstroke-diabetic rats with HBO2 protected against heat-
induced lethality. The beneficial effects of HBO2 may be
attributed to the inhibition of (1) hypotension, (2) activated
inflammation occurred in the hypothalamus, (3) production
or release of the toxic oxidizing radicals like NOx
 and 2,3-
DHBA in the hypothalamus, (4) hypothalamic ischemia and
hypoxia, and (5) formation of an indicator for poly-
morphonuclear leukocytes accumulation and neuronal
damage in the hypothalamus. In addition, HBO2 promoted
the production or release of IL-10 (an anti-inflammatory
cytokine) in the hypothalamus, thus leading to
a decreased multiple organ dysfunction but an increased
survival in diabetic rats with heatstroke.
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